We have studied cleaning procedures of Nb(110) by verifying the surface quality with low-energy electron diffraction, Auger electron spectroscopy, and scanning tunneling microscopy and spectroscopy. Our results show that the formation of a surface-near impurity depletion zone is inhibited by the very high diffusivity of oxygen in the Nb host crystal which kicks in at annealing temperatures as low as a few hundred degree Celsius. Oxygen can be removed from the surface by heating the crystal up to T = 2400 • C. Tunneling spectra measured on the clean Nb(110) surface exhibit a sharp conductance peak in the occupied states at an energy of about −450 meV. Density functional theory calculations show that this peak is caused by a d z 2 surface resonance band at theΓ point of the Brillouin zone which provides a large density of states above the sample surface. The clean Nb(110) surface is superconducting with a gap width and a critical magnetic field strength in good agreement to the bulk value. In an external magnetic field we observe the Abrikosov lattice of flux quanta (vortices). Spatially resolved spectra show a zero-bias anomaly in the vortex core.
I. INTRODUCTION
Recent proposals in topological quantum computation rely on the storage and manipulation of exotic quasiparticles, such as anyons.
1,2 For example, under special conditions zero-energy Majorana fermions were predicted to exist in topological superconductors, i.e.,
at the ends of one-dimensional nanowires or in vortices of two-dimensional films. [3] [4] [5] However, the existence of bulk materials which exhibit topological superconductivity is still elusive.
An alternative approach focused on hybrid materials, e.g., by combining a strongly spinorbit-coupled s-wave superconductor with permanently ordered magnetic moments in its direct proximity. [6] [7] [8] [9] Indeed, zero-bias conductance peaks consistent with expectations for Majorana fermions were experimentally observed at the ends of a self-assembled Fe chains on Pb(110) 7 and also at edges of two-dimensional Co islands in the Pb/Co/Si(111) system.
8
A more recent approach used atomic manipulation with an STM tip to create single-atom
Fe chains on Re(0001).
9
The experimental results of these studies illustrate that the choice of the substrate will play a decisive role towards an unambiguous demonstration of topological quantum computation. Namely, Pb has the advantage of a relatively high superconducting critical temperature T c = 7.2 K, but its relatively large lattice constant and low cohesion energy make it unsuitable for single-atom manipulation, severely limiting their potential for the creation of nano-engineered structures. Conversely, the much harder Re(0001) surface is a good platform for the creation of atomic-scale nanostructures, but Re exhibits a much lower T c such that spectroscopic features are easily smeared out by thermal broadening at experimentally accessible temperatures. With these considerations in mind, Nb appears to be a promising material since it combines a high cohesive energy with a sizable spin-orbit coupling and a wide superconducting gap (2∆ = 3.05 meV and T c ≈ 9.2 K). Furthermore, it is a type-II superconductor which opens up the possibility of searching for Majorana states inside of vortices in an external magnetic field.
The main drawback of Nb, however, is its affinity to oxygen (O) which leads to a surface that is notoriously difficult to prepare. The standard cleaning procedure reported in literature [10] [11] [12] [13] [14] begins with cycles of ion sputtering and annealing at moderate temperatures up to about 1900 • C. It has clearly been stated, however, that these initial sputter-annealing cycles-although they are suitable to remove carbon (C) and nitrogen (N) from the sur-face and reduce the surface-near concentration of O-are not suitable to clean the Nb(110) surface since a significant amount of O remains. These O-reconstructed surfaces have been extensively investigated by low-energy electron diffraction (LEED), [10] [11] [12] 15, 16 Auger electron spectroscopy (AES), 11,12 electron-energy loss spectroscopy (EELS), 12 and scanning tunneling microscopy and spectroscopy (STM/STS).
13,14
There seems to be agreement that clean Nb(110) can only be obtained when heating the sample up to T > 2200 • C. [10] [11] [12] 14 In this case LEED experiments showed only diffraction maxima expected for clean Nb(110). However, LEED averages over a large area and is therefore not suitable to obtain a microscopic understanding of the details of the cleaning process. In this work we describe step-by-step the cleaning procedure of Nb(110). While the focus is clearly on STM, we also applied LEED and AES depth profiling to better understand the limitations of the various procedures. Furthermore, the electronic properties of the clean Nb(110) surface were investigated by scanning tunneling spectroscopy (STS) and density functional theory (DFT) calculations. Our results confirm the existence of a surface resonance of d z 2 orbital character in the local density of states (LDOS) which is energetically located about 450 meV below the Fermi level E F . We image the Abrikosov lattice produced by an external magnetic field by mapping the differential conductance in and around the superconducting gap. We observe a strong conductance peak at the Fermi level in the vortex core, which we interpret as Caroli-de-Gennes-Matricon (CdGM) states.
II. METHODS

A. Experimental setup and measurement procedures
Investigations were performed with rectangular-shaped Nb(110) single crystals (7 mm × 7 mm × 1 mm) which were polished on one side with a nominal miscut of 0.1 • . They were fixed onto flag style tungsten sample plates by means of two tungsten wires. To prevent alloy formation at the crystal-sample holder interface they were separated by stacks consisting of a Nb and a W foil. After introduction into the UHV system, the crystal used for the STM investigations in Sect. III C was ion-sputtered for two hours at room temperature. This sample was initially heated several dozen times at T = 1800
• C. The main contamination of Nb is oxygen which is dissolved in the bulk and segregates to the surface after each 3 flash heating cycle. Indeed, our attempts to create an oxygen depletion layer at the surface through multiple cycles of ion sputtering and subsequent annealing at T ≈ 1800
• C did not result in sufficiently clean surfaces.
As we will point out in more detail in Sect. III C below the only way to get rid of oxygen is to flash heat the Nb crystal close to its melting point (T melt = 2477 24 The energy cutoff for the plane wave basis set was set at 350 eV.
The clean Nb(110) surface system was modelled using a symmetric slab consisting of 19 atomic layers of Nb. A 16Å-thick vacuum layer was included in the direction normal to the surface to remove any spurious interactions between the repeating slabs. Structural relaxations via force optimization have been performed to obtain the surface interlayer distance for the three surface layers only. The positions of the other layers were kept constant.
We found an average interlayer distance for the surface layers ∼ 2.28Å which is in a good agreement with the experiments. For structural relaxations, we have used 10 −2 eV/Å force tolerance and a Γ-centred 5 × 5 × 1 k-point mesh. 2025 k -points in the full two-dimensional Brillouin zone were used for the calculations of the band structure and other electronic properties.
III. SURFACE STRUCTURE A. Closed NbO films on Nb(110)
In a first step, the Nb(110) sample was heated to a maximum temperature T = 1800
• C. In an attempt to apply cleaning procedures similar to those of other 4d and 5d transition metal elements, such as Mo or W, [25] [26] [27] we prepared the Nb(110) surfaces with numerous sputter and annealing cycles. Fig. 2 shows a schematic representation of the mechanism.
The native surface which is usually created by cutting and polishing a bulk crystal exhibits a 6 homogeneous density of impurities. In the case of Nb the main contaminants will be O and C subsequent surface annealing represents a valid procedure to obtain clean Nb(110) surfaces we started with a newly received single crystal. This sample was heated at increasing temperatures for 1 min up to maximum T = 1900 • C. After each step we took an Auger spectrum and inspected the LEED pattern. The data sets obtained after heating at T = 1600
• C are shown in Fig. 3(a) and (b) , respectively. Fig. 3(c) shows the annealing temperaturedependent intensity of the C-and O-related peaks after normalization to the Nb signal.
Whereas the O-related signal monotonously decreases with increasing heating temperature, the C peak increases at the initially heating step (T = 200
• C) but then rapidly decreases.
Upon heating to T = 1200
• C the C-and the O-related signal have decreased to about 10%
of their starting values. However, within the error of our analysis no further improvement can be achieved when heating to 1200
This heating leads to the formation of an O depletion layer directly underneath or in close proximity to the surface. To show this we successively removed material from the surface by Ar + sputtering at an ion energy E = 1 keV and a sample current I ion = 2 µA at a rate of representative for the depletion zone we were looking for.
Unfortunately, this depletion zone is not stable against further annealing, as shown in Fig. 3(e) . These data have been achieved on a sample where the depletion zone has been exposed to the surface by sputtering, analogous to the data point at d av = 15 AL in Fig. 3(d) .
Subsequently, this sample was annealed at successively increasing temperature for 4 min at each heating step. Our data reveals that even a temperature T ann = 200
• C, which is much lower than what would realistically be needed for a proper annealing of the sputter-roughened
Nb surface, results in a significant segregation of O at the surface. Therefore, we conclude that sputter and annealing cycles do not represent a suitable cleaning method for Nb (110) surfaces.
C. Cleaning Nb(110) by heating
In the following, we attempted to clean the Nb(110) surface only by heating the surface by electron-beam bombardment at higher temperatures. As we will point out below this resulted in a very high surface quality with an impurity concentration well below 5% and electronic properties characteristic for clean Nb(110). Upon heating at a temperature T surf =
2160
• C, the surface still remains largely covered with oxygen. While the overview image of Fig. 4(a) only indicates the presence of some dark spots, we can clearly recognize that the surface is reconstructed in the higher resolution scan displayed in Fig. 4(b) . Also on this surface domains with two stripe orientations exist, which are separated by trench-like depressions. We would like to note, however, that the type of reconstruction differs from what has been discussed in Sect. III A and Refs. 13 and 14, as can be seen by close inspection of Fig. 4(b) . A detailed analysis of this oxygen-induced reconstruction will be given below. Whereas we could not obtain atomic resolution images to determine the exact crystalline structure of this second reconstruction on samples with extended oxygen-induced domains, the data measured on a Nb(110) sample prepared at T surf = 2410
• C which are shown in calculations. 28 The observed inter-row distance as well as the periodicity along the stripes can consistently be explained with the toy-model presented in Fig. 5(c) .
IV. ELECTRONIC PROPERTIES
A. Band structure Figure 6 (a) shows tunneling spectroscopy data taken over the clean Nb(110) surface and over an oxygen-reconstructed area. The exact locations where these STS data were measured are marked in Fig. 4 (h) with a blue dot for the clean surface and a red dot over the dark oxygen area. A sharp peak at U ≈ −0.45 V can be recognized for clean Nb which is strongly suppressed above oxygen-reconstructed areas. The local density of states (DOS) of the clean Nb(110) as calculated in the vacuum at z = 4Å above the surface is shown in Fig. 6(b) . It is in excellent agreement with the experimental data not only with respect to the peak position but also regarding the peak shape. In addition, the experimental and the theoretical spectrum exhibit a relatively flat signal in the range −0.3 eV ≤ E ≤ +0.5 eV, which slightly rises as we proceed further into the unoccupied states, i.e., E > +0.5 eV. The only qualitative difference between experiment and theory can be found at E < −0.6 eV, where the experimental data show a rising dI/dU signal whereas the calculated DOS decreases. This difference could arise due to the change of the tunneling barrier at large bias voltages, which leads to an increase in dI/dU signal and it is not taken into account by use the Tersoff-Hamann model, or it could come from tip states which often dominate tunneling spectra at large negative bias voltages. In order to obtain the band dispersion of Nb(110) and understand the origin of the sharp feature observed in theoretical and experimental tunneling spectra, we have investigated the band structure and the site-projected local density of states of the surface atoms. 
32,33
In a next step, we examined the superconductivity of clean Nb (110) Figure 9 (c) shows differential conductance dI/dU spectra taken at four points located at different distances from the center of the vortex core, i.e., 100 nm, 40 nm, 20 nm, and directly in the vortex center. Directly in the vortex core we observe a zero-bias conductance peak (green curve) which splits into two symmetrical maxima at 20 nm (blue). At a distance of 40 nm to the vortex core (red curve) the peaks at the edge of the gap are still weaker and the gap width is reduced as compared to the spectrum recorded without any field [cf. Fig. 8(a) ]. Only at distances much larger than ξ (100 nm, black curve), the spectrum closely resembles zero field data.
In order to better understand the spatial variations of these features, we took dI/dU spectra taken across a superconducting vortex along the 200 nm long line with a 4 nm in- crement. The resulting data are plotted as waterfall plot in Fig. 9(d) . The dI/dU signal appears at the vertical scale and is additionally color-coded. At large distance from the vortex core a deep gap with pronounced side peaks can clearly be recognized. Both characteristics of superconductivity weaken towards the center until they essentially disappear at approximately ±20 nm. There two weaker maxima split off from the edges of the former energy gap and converge into an X-shaped feature visible in yellow color in Fig. 9(d) . The crossing point is dominated by a strong maximum (red) marking the vortex core. This peak in the dI/dU spectra taken in vortices has also been observed in some conventional superconductors 34, 35 . It was predicted by Caroli-de Gennes-Matricon 36 that the confinement of quasiparticles in vortex cores leads to confined low-energy bound states, so-called CdGM states, with energy levels E = ±µ∆ 2 /E F (µ = 1/2, 3/2...). Since ∆/E F is a very small value, thermal broadening can smear out these discrete energy levels even at temperatures of a few
Kelvin. Indeed, it has been shown that the X-shaped feature and the zero bias conductance peak in the vortex core represent the DOS that arises from many symmetric CdGM states when the quantum limit T /T c ∆/E F is not satisfied.
37-39
V. CONCLUSION
We presented the preparation procedure of clean Nb(110) surface and studied its properties by means of STM and STS. We showed that in order to clean the surface from oxygen contamination, it is necessary to heat it above T = 2400 • C. We observed a characteristic surface state resonance at −450 mV in agreement with DFT calculation, which is strongly suppressed over oxygen-reconstructed areas. A toy-model for the oxygen reconstruction on Nb(110) which is formed when the Nb(110) surface is heated over T 2160
• C was presented. In spatially resolved spectroscopic measurements we observed the Abrikosov flux lattice in external magnetic fields and find evidence for Caroli-de Gennes-Matricon states as an enhanced peak at zero bias voltage inside a vortex core.
